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ABSTRACT All extant organisms are thought to be clas-
sified into three primary kingdoms, eubacteria, eukaryotes,
and archaebacteria. The molecular evolutionary studies on the
origin and evolution of archaebacteria to date have been
carried out by inferring a molecular phylogenetic tree of the
primary kingdoms based on comparison of a single molecule
from a variety of extant species. From such comparison, it was
not possible to derive the exact evolutionary relationship among
the primary kingdoms, because the root of the tree could not
be determined uniquely. To overcome this difficulty, we com-
pared a pair of duplicated genes, elongation factors Tu and G,
and the a and f3 subunits ofATPase, which are thought to have
diverged by gene duplication before divergence of the primary
kingdoms. Using each protein pair, we inferred a composite
phylogenetic tree with two clusters corresponding to different
proteins, from which the evolutionary relationship of the
primary kingdoms is determined uniquely. The inferred com-
posite trees reveal that archaebacteria are more closely related
to eukaryotes than to eubacteria for all the cases. By bootstrap
resamplings, this relationship is reproduced with probabilities
of 0.96, 0.79, 1.0, and 1.0 for elongation factors Tu and G and
for ATPase subunits a and ., respectively. There are also
several lines of evidence for the close sequence similarity
between archaebacteria and eukaryotes. Thus we propose that
this tree topology represents the general evolutionary relation-
ship among the three primary kingdoms.

Based on comparison of the small rRNAs, Woese and
colleagues (1-3) proposed that there are two fundamentally
different groups of bacteria, eubacteria and archaebacteria,
and that, with eukaryotes, they constitute the three primary
kingdoms of life. Although the existence of the archaebac-
terial urkingdom is accepted by many biologists, the classi-
fication is still a matter of controversy: Lake and colleagues
(4, 5) argued that archaebacteria are paraphyletic; sulfobac-
teria (eocytes) are more closely related to eukaryotes than to
other archaebacteria, whereas halobacteria are more closely
related to eubacteria than to other archaebacteria. Phyloge-
netic trees based on the small and large rRNAs (2, 3, 6), 5S
rRNA (7), and the RNA polymerases (8), however, support
the monophyletic view of the archaebacteria originally pro-
posed by Woese and colleagues (1-3).
The evolutionary relationship of the three primary king-

doms is another crucial problem that remains unanswered.
There are several reports that, in some RNA and protein
species, archaebacteria are much more similar in sequence to
eukaryotes than to eubacteria. These include 5S rRNA (7, 9,
10), elongation factors Tu (11) and G (12) (EF-Tu and EF-G),
large subunit of DNA-dependent RNA polymerase (8, 13),
and several ribosomal proteins (14, 15). The a and /3 subunits
of Sulfolobus ATPase (16, 17) also bear closer resemblance
in sequence to eukaryotic counterparts than to eubacterial

ones. However, a close similarity in sequence does not
necessarily mean a close relatedness in phylogeny, unless
similar rates of evolution for different lineages can be pos-
tulated. There is no a priori reason to believe that the three
primary kingdoms have evolved with similar rates.
A phylogenetic tree inferred from a comparison of a single

RNA or protein species from a variety of organisms of the
primary kingdoms is generally unrooted, because one cannot
determine the root, the universal ancestor from which all
extant life ultimately diverged. This difficulty, however,
could be overcome by inferring a composite phylogenetic tree
from a comparison of a pair of duplicated genes that exist in
all extant life. It is reasonable to consider that this gene
duplication occurred prior to the divergence of the primary
kingdoms and thus the root of the inferred composite tree
could be unambiguously set at a point where the two genes
diverged by gene duplication. The universal ancestor and the
evolutionary relationship of the three primary kingdoms are
subsequently determined from the composite phylogenetic
tree. Pairs of genes for EF-Tu and EF-G and for the a and 8
subunits of Fl-ATPase, Fl-a and F1-,3, are examples of such
duplicated genes. Each pair shows extensive sequence sim-
ilarity for species of the three primary kingdoms.
On the basis of the composite trees for EF-Tu and EF-G

and for F1-a and F1-P, we report that archaebacteria are
phylogenetically more closely related to eukaryotes than to
eubacteria. Judging from the strong sequence similarities
between archaebacteria and eukaryotes found in 5S rRNA,
RNA polymerases, and ribosomal proteins, the phylogenetic
relationship presented here would represent the general
evolutionary relationship among the three primary kingdoms.

METHODS
Phylogenetic Tree. Alignment of amino acid sequences was

carried out as described (18). The number of amino acid
substitutions per site or evolutionary distance between se-
quences of extant species was measured by calculating the
proportion of amino acid difference, K, between the se-
quences compared and by correcting K for multiple substi-
tutions by using k = -ln(1 - K) (19); positions where gaps
are present in any one of the aligned sequences were ex-
cluded from the analysis. Based on the evolutionary distance
matrix, a phylogenetic tree was inferred by the neighbor-
joining method (20).

Reliability of the Tree. To obtain the reliability of the
inferred phylogenetic tree, the bootstrap method (21) was
applied. The bootstrap resamplings were repeated 1000
times, and for each of the resamplings a tree was inferred by
the neighbor-joining method. The bootstrap probability that
a particular tree topology occurs during the resamplings was
evaluated.

Abbreviations: EF-Tu and EF-G, elongation factors Tu and G,
respectively; LDH, lactate dehydrogenase; MDH, malate dehydro-
genase.
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(A)
3 KTKPILNVAFIGHVDAGKSTTVGRLLLDGG
3 KEKTHANlVVIGHVDSGKSTTVGHLIYKCG
3 KEKIHINIVVIGHVDSGKSTTTGHLIYKCG
3 KEKlHINIVVIGHVDSGKSTTTGHLIYKCG
3 KEKlHINIVVlGHVDSGKSTTTGHLIYKCG
3 KEKSHlNVVVIGHVDSGKSTTTGHLIYKCG
3 KEKTHVNVVVlGHVDSGKSTTTGHLIYKCG
8 RTKPHVNVGTIGHVDHGKTTLTAAlTTVLA
8 RTKPHANIGTlGHVDHGKTTLTAAITHALA

44 RSKPHVNIGTIGHVDHGKTTLTAAITKTLA
8 RTKAHVNIGTIGHVDHGKTTLTAAISKVLY

17 THDQIRNMGlCAHlAHGKTTLSDNLLAGAG
15 KKANIRMNSVIAHVDHGKSTLTDSLVCKAG
15 RRENIRNMSVlAHVDHGKTTLSDSLIQRAG
6 PlARYRNlGISAHlDAGKTTTTERILFYTG
4 DLHKVRNIGIMAHlDAGKTTTTERHLFYTG

*O 0*0 *VO*

(A) (B)
12 GPLVIADGHREAQHFEVVYV 38 GEITR
29 GPVVVADBMGGAAMYELVRV 55 GEVII
23 GPVVVAEDHIGVAMYELVKV 49 GEVIR
11 GAVVDVEFPQDAVPRVYDAL 41 LEVQ6
18 GAVVDVQFDEG-LPPILMAL 47 LEVA6
26 GPVLDVAFSPGKMPNVYNSL 61 CEVQG
28 GPVLIlTFPPGKLPYlYNAL 63 CEVQG
28 GPVLDVTFPPGKLPYIYNAL 63 CEVAQ
28 GPVLDVAFPPGKMPNIYNAL 63 CEVQQ
28 GPVLNVAFPPGKMPNMYNAL 63 CEVQ6
17 GPLIAVQGVSDAAYNELVEI 46 GLVVO
33 GPLVILDKVKGPKYQEIVNI 62 GQVLE
36 GPLVILEKVKFPRYNElVNL 65 GAVLE
26 GPLVILINVKFPRYNEIVTL 55 GQVLE
29 GTIVSVSDGVIRIHGLADCM 61 AIALN
29 GTVIQVGDGIARAHGLDNVM 61 GMAQN
30 GTVLQVGDGIARIYGLDKVM 62 GIALN
30 GTVLQVGDGIARIHGLDEVM 62 GIALN

*000 0

(B)
34 IDPQLIVR
34 lDKRTIEK
34 IDKRTIEK
34 lDKRTIEK
34 IDKRTIEK
34 IDKRTIEK
34 IDKRTIEE
50 IDNAPEEK
50 IDSAPEEK
B6 IDKAPEER
52 IDSAPEER
59 LDFDEEEA
57 TDTRKDEO
57 MSCRADEQ
50 MDWMEQEQ
48 TDWMEQEK

(C)
68 ERGVTIDVAHKKF
68 ERGITIDISLWKF
68 ERGITIDIALWKF
68 ERGITIDIALWKF
68 ERGlTIBDALRKF
68 ERGITIDIALWKF
68 ERGITIDIALWKF
58 ARGITINTSHVEY
58 ARGITINTAHVEY
94 ARGITISTAHVEY
60 QRGITINISHVEY
67 ARGITIYAANVSN
65 ERCITIKSTAISL
65 ERGITIKSSSVSL
58 ERGITlTSAATTA
56 ERGITITSAAVTC

* 0Vs 0

(D)
B4 KYEVTIVDCPGHRDFIKNMITGASQADAAVLVVNVDDAKS
B4 KYYVTIIDAPGHRDFIKNMITGTSBADCAVLIVAAGVGEF
84 KYYVTIIDAPGHRDFIKNMITGTSQADCAVLIVAAGVGEF
84 KYYVTIIDAPGHRDFIKNMITGTSQADCAVQIDAAGTGEF
84 KYYVTIIDAPGHRDFIKNMVTGTSAADCAVLIDAAGTGEF
84 KTYQVTVIDAPGHRDFIKNMITGTSQADCAILIIAGGVGEF
84 KYNVTVIDAPGHRYfIKHMITGTSAADCAILIIAGGTGEF
74 TRHYAHVDCPGHADYVKHMITGAAQMDGAILVVAATDGPM
74 NRHYAHVDCPGHADYVKNMITGAAOMDGAILVVSAADGPH

IIV KRHYSHVDCPGHADYIKNMITGAAQMDGAIIVVAATDGQM
76 KRHYAHVDAPGHADYIKNMITGAAQMDGAILVVAATDGPM
87 EYLINLIDTPGHVDFGGDVTRAMRAlDGAVVVCCAVEGVM
97 GFLIINLISPGHVDFSSEVTAALRVTDGALVVVDCVSGVC
95 EFLINLIDSPGHVDFSSEVTAALRVTDGALVVIDCVEGVC
81 PHRINIIDTPGHVDFTIEVERSMRVLDGAVMVYCAVGGVV
72 DHMINlIDNPGHVDFTVEVERSLRVLDGAVAVFDGKEGVE

0* *** *0 00 0 * *0 0 0

RIEGDRAFIQVYE-STDGVKPGDKVYRSGAPLSVELGPGLIGKIYDGLBRPLDS
RLEGVSATIQVYE-ETAGLMVNDPVLRTHKPLSVELGPGILGNIFDGIORPLKT
RINGDQATIQVYE-ETAGVMVGDPVLRTGKPLSVELGPGLLNNIYDGIQRPLEK
QQLGGGIVRTIAHGSSDGLRRGLDVKDLEHPIEVPVGKATLGRINMVLGEPVDM
QHLGESTVRTIAHDGTEGLVRGQKVLDSGAPIRIPVGPETLGRIHNVIGEPlDE
QLLGNNKVRAVAMSATDGBMRGMKVIDTGAPLTVPVGEATLGRIFNVLGEPVDN
QLLGNNRVRAVAMSATEGLMRGHEVI DTGTPLSVPVGGATLGRIFNVLGEPIDN
QLLGNNRVRAVAMSATDGLMRGMEVlDTGAPLSVPVGGATLGRlFNVLGEPVDN
QLLGNNRVRAIAMSATEGLTRGMEVIDTGAPISVPVGGATLGRIFNVLGEPVDN
QLLGNNRVRAVAMSATDGLTRGHEVIDTGAPLSVPVGGPTLGRlFNVLGEPVDN
DSQMGVTFVQVFEGTTGISPTGSKVRFLGRGLEVKISEEMLGRIFNPLGEPLDN
EVDGEKAVVQVFEGTSGIDNKFTTVQFTGEVLKTPVSLDMLGRIFNGSGKPION
EIRGDRAlVQLFEGTSGIDVKKTTVEFTGESLRlPVSEDMLGRlFDGSGRPVDN
EARGNRAVVQVFEGTSGlDVKKTKVEFTGESLKLGVSEDMLGRIFDGSGRAIDK
NLERDS-VGAVVMGPYADLAEGHKVKCTGRILEVPVGRGLLGRVVNTLGAPIDG
ILEENN-VGIVILGPYTEIREGDEVRRTGRIMEVPVGEQLIGRVVNSLGQPVDG
NLESDN-VGAVLVGDGLTIlEGSSVKATGKIAQlPVSDAYLGRVVNALAQPIDG
NLESNN-VGVVLMGDGLLIAEGSSVKATGRIAQIPVSEAYLGRVMNALAKPIDG

O 00 0 0 0 00

(E)
127 PQTREHVFLIRTLGVRQLAVAVNKMDTVN
131 GVTREHALLAYTLGVKQLIVGVNKMDSTE
131 GQTREHALLAYTLGVKQLIVGVNKMDSTE
131 DQTREHALLAFTLGVKQLIVGVNKMDSSE
131 GQTREHALLAFTLGVKQLIVGVNKMDSTE
131 GQTREHALLAFTLGVRQLIVAVNKMVSVK
131 GQTREHALLAFTLGFRQLIVAlNKMDTTK
114 PQTREHILLGRQVGVPYIVVFLNKCDMVD
114 PQTKEHILLAKQVGVPNIVVFLNKEDQVD
150 PQTREHLLLARQVGVQHIVVFVNKVDTIV
116 AQTREHVLLARQVGVPALLVALNKSDMVE
127 PQT-ETVLRQALKEKVKPVLFINKVDRLI
137 VQT-ETVLRQAIAERIKPVLHMNKMHRAL
135 VQT-ETVLROAVAERlKPVLFVNKVDRFL
121 PQS-ETVWRQANKYKVPRIAFVNKMDRMG
112 PVS-ETVWRQADKYVVPRICFVNKMDKLG

*O * 0** *

(C)
184 EIPVKMYQKWPVRIPRPYKEKLE-PVEPLLTGIRVLDTVFPIAKGGTAAIPGPFGSGKTVTL
202 KKQFTHLBTWPVRTPRPVASKLA-ADTPLLTGORVLALFPSVLGGTCAIPGAFGCGKTVIS
196 KTEYPHMMTWPVRVPRPAAEKHS-ANQPFLVGQRVLDALFPSVVGGTVAVPGAFGCGKTVlS
99 KGEIGEEERWAVHRAAPSYEELSNSQELLETGIKVIDLMCPFAKGGKVGLFGGAGVGKTVNM

105 RGPIKTKQFAAVHAEAPEFVEMSVEQELLVTGDKVVDLLAPYAKGGKIGLFGGAGVGKTVFI
119 LGPVEVTTTFPlHRAAPAFTQLDTKLSIFETGIKVVDLLAPYRRGGKIGLFGGAGVGKTVLI
121 LGPVDTSATFPIHRSAPAFlELDTKLSIFETGIKVVDLLAPYRRGGKIGLFGGAGVGKTVLI
121 LGPVDSSATFPIHRSAPAFIELDTKLSIFETGIKVVDLLAPYRRGGKIGLFGGAGVGKTVLI
121 LGPVDTSTTSPIHRSAPAFIQLDTKLSIFETGIEVVDLLAPYRRGGKIGLFGGAGVGKTVLI
121 LRPVDTRTTSPIHRSAPAFTQLDTKLSVFETGIKVVNLLAPYRRGGKIGLFGGAGVGKTVLI
104 GPPVIGGEKRNINGDPlMPATREYPEEFAQTGlSAIDGLNSLLRGSKITDLSGSGLPANTLA
120 GPPILPEAYLDISGSSIMPSERTYPEEMIQTGISTIDVVNSVARGOKIPLFSAAGLPHNEIA
123 GPKVFAEDYLDINGSPIMPYARIYPEEMISTGVSAIDTMNSIARGQKIPIFSASGLPHNEIA
113 GPKVLAEEYLDINGSPINPYAREYPOEMISTGISAIDTHNSIARGQKIPIFSAAGLPHNEIA
118 KGPLMHDGFSAVEAVAPGVIERQSVDQPVATGYKAVDSHIPIGRGQRELIIGDRQTGKTRLA
118 LGPVETTKTRPIEGAAPGVMDRKSVHEPLQTGIKAIDALVPIGRGQRELIIGDRQTGKTSVA
119 KGQIPASEFRLIESPAPGIISRRSVYEPHMTGLIAIDSIMPlGRGARELIIGDROTGKTAVA
119 RGElSASEFRLIESAAPGlISRRSVYEPLQTGLlIADSMIPGRGQRELIGDRATGKTAVA

O * 00 0 0 *

(D)
SA-SU 256 VIYVGCGERGNEMTDELRSFPKLKDPW

V69-CA 274 VVYVGCGERGNEMAEVLMDFPQLTMTL
V67-NC 268 IVYVGCGERGNEMAEVLKDFPELSIEV
Fe-EC 175 SVFAGVGERTREGNDFYHEMTDSNVID

FB-BV.MT 181 SVFAGVGERTREGNDLYHEMIESGVIN
FB-LI.CHL 195 SVFGGVGERTREGNMLYMEMKESKVIN
FR-MA.CHL 197 SVFGGVGERTREGNDLYMEMKESGVVN
Fe-BA.CHL 197 SVFGGVGERTREGNDLYTEHKESGVVN
FB-TO.CHL 197 SVFGGVGERTREGNDLYMEHKESGVlN
FB-SP.CHL 197 SVFGGVGERTREGNDLYMENKESGVVN

S-TSU 183 VVFAAIGVRYDEALFFRKFFEETGAIN
V57-AT 211 IVFAAMGVNMETAOFFKRDFEENGSHE
V57-SC 210 IVFAAMGVNLETARFFKQDFEENGSLE
VS?-NC 204 IVFGAMGVNLETARFFTRDFEENGSLG
FA-EC 193 CIYVAIGQKASTISNVVRKLEEHGALA
FA-eM 193 CIYVAIGOKESTVRNVVETLRKHGALD

FA-Il.CHL 194 CVYVAIGQKASSVAQVVNTFEDRGALE
FA-TO.CHL 194 CVYVAIGQKASSVAQVVTTLQERGAME

00 0 a

(E)
290 RTILVANTSNMPVAARESSIYVGVTMAEYFRDQGY-DVLLVADSTSRWAEALRDLGGRMEEMPAEEGFPSYLPSRLAEYYERAGR
311 RTTLVANTSNNPVAAREASIYTGITIAEYFRDMGY-NVSMMASSTSRWAEALREISGRLAEMPADSGYPAYLAARLASFYERAGK
304 RTTLIANTSNMPVAAREASIYTGITVAEYFRDQGM-NVAMMABSSSRWAEALREISGRLGEMPADQGFPAYLGAKLASFYERAGK
202 KVSLVYGQHNEPPGNRLRVALTGLTHAEKFRDEGR-DVLLFVDNIYRYTLAGTEVSALLGRMPSAVGYQPTLAEEMGVLQERITS
214 KVALVYGQNNQPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIPSAVGYQPTLATNMGTNQERITT
229 KVALVYGQMNEPPGARMRVGLTALTHAEYFRDVNKQDVLLFIDNIFRFVQAGSEVSALLGRMPSAVGYQPTLSTEMGTLERITS
231 KVALVYGQMNEPPGARMRVGLTALTHAEYFRDVNKQDVLLFIDNIFRFVQAGSEVSALLGRMPSAVGYQPTLSTEMGSLBERITS
231 KVALVYGQMNEPPGARNRVGLTALTHAEYFRDVNKQDVLLFIDDIFRFVQAGSEVSALLGRMPSAVGYQPTLSTEMGSLQERIAS
231 KVALVYGQHNEPPGARMRVGLTALTHAEYFRDVNEQDVLLFIDNIFRFVOAGSEVSALLGRMPSAVGYQPTLSTEMGSLQERITS
231 KVALVYGQMNEPPGARMRVGLTALTHAEYFRDVNEQDVLLFIDNIFRFVQAGSEVSALLGRMPSAVGYQPTLSTEMGSLQERITS
210 RVAMFVTLANDPPSLKILTPKTALTLAEYLAFEKDHMVLAILIDMTNYCEALRELSASREEVPGRGGYPGYMYTDLATIYERAGK
238 RVTLFLNLANDPTIERIITPRIALTTAEYLAYECGKHVLVILTDMSSYABALREVSAAREEVPGRRGYPGYMYTDLATIYERAGR
237 RTSLFLNLANDPTIERIITPRLALT AEYLAYQTERHVLTILTDMSSYADALREVSAAREEVPGRRGYPGYMYTDLSTIYERAGR
231 RTTLFLNLANDPTIERIITPRLALTTAEYYAYQLEKHVLVILTDLSSYCDALREVSAAREEVPGRRGFPGYMYTDLSTIYERAGR
220 NTIVVVATASESAALQYLARMPVALHGEYFRDRGEDALIIY-DDLSKQAVAYRQISLLLRRPPGREAFPGDVFYLHSRLLEMLQR
220 YTIVVTASASRPAPLLFLAPYAGVTNGEEFMYNGKHVLVIY-DDLTKQASAYRELSLLLRRPPGREAYPGDVFYLHSRLLERAAK
221 YTIVVAETANSPATLQYLAPYTGAALAEYFMYRKQHTLIIY-DDLSKQAQAYRAMSLLLRRPPGREAYPGDVFYLHSRLLERAAK
221 YTIVVAETADSPATLQYLAPYTGAALAEYFMYRERHTLIlY-DSPSKQAQAYROASLLLRRPPGREAYLGQVFYLHSRLLERAAK

O 0V 0 V0 00 0 0 0

(F)
SA-SU 383 YGSVTIASAVSPPGGDFTEPVTSNTLRFVRVFWPLDVSLAQARHYPAINWIQGFSAY

V69-CA 404 NGSVTIVGAVSPPGGDFSDPVTSATLSIVQVFWGLDKKLAQRKHFPSVNWIISYSKY
V67-NC 397 EGSVSIVGAVSPPGGDFSDPVTSATLGIVQVFWGLDKKLAQRKHFPSINTSVSYSKY
FB-EC 288 TGSITSVQAVYVPADDLTDPSPATTFAHLDATVVLSRQIASLGIYPAVBPLDSTSRQ

FM-80.MT 301 KGSITSVQAIYVPADDLTDPAPAVTFAHLDATTVLSRAIAELGIYPAVDPLDSTSRI
Fl-L .CHL 316 EGSITSIQAVYVPADDLTDPAPATTFAHLDATTVLSRGLAAKGIYPAVDPLDSTSTM
Fe-MA.CHL 318 KGSITSIBAVYVPADDLTDPAPATTFAHLDATTVLSRGLASKGIYPAVDPLDSTSTH
F- BA .CHL 318 KGSI TSIQAVYVPADDLTDPAPATTFAHLDATTVLSRGLASKGIYPAVDPLDSTSTM
Fe-TO.CHL 318 EGSITSIBAVYVPADDLTDPAPATTFAHLDATTVLSRGLAAKGIYPAVDPLDSTSTH
Fe-SP.CHL 318 EGSITSIQAVYVPADDLTDPAPATTFAHLBATTVLSRGLAAKGIYPAVDPLDSTSTM

SM-SU 299 KGSITQMPILTMPNDDBTHPTPDLTGYITEGQIVLDRSLFNKGIYPPINVLNSLSRL
VAS-AT 327 KGSITQlPILTMPNDDITHPTPDLTGYITEGQIYIDRQLHNRQIYPPINVLPSLSRL
V57-SC 326 NGSITQIPILTMPNDDITHPlPDLTGYITEGQIFVDRQLHNKGIYPPINVLPSLSRL
V57-NC 320 NGSITQIPILTMPNDDITHPIPDLTGYITEGQIFVDRGLHNRGIYPPINVLPSLSRL
FA-EC 321 TGSLTALPIIETQAGDVSAFVPTNVISITDGQIFLETNLFNAGIRPAVNPGISVSRV
FA-MM 310 GGSLTALPFIETQAGDVSAYIPTNVISITDGQIFLQSDLFFSGVRPAINAGLSVSRV

FA-L .CHL 311 EGSMTALPIVETRBGDVSAYIPTNVISITDGQIFLSADLFMAGIRPAINVGISVSRV
FA-TO.CHL 311 EGSMTALPIVETQSGDVSAYIPTMVISITDGQIFLSADLFNSGIRPAINVGISVSRV

*goo 0 * O O *000 0

(G)
457 EHRDTMMKVLIREDELRQ ----VRLVGPEELAEKDKL
477 DIRTKAREVLQREDDLNE- - IVQLVGKDALAETDKI
470 RLRDRlRQLLSDSEELDQ---VVQLVGKSALSDPDKl
356 DTARGVQSILQRYQELKD-----IALGMDELSEEDKL
369 DVARGVQKILQDYKSLO-- - IIAIIGMDELSEEDKL
384 ETAQGVKQTLQRYKELQD--- lIAILGLDELSEESRL
386 ETABRVKETLQRYKELQD--- lIALGLDELSEEDRL
386 ETAQRVKETLQRYKELQD--- lIAILGLDELSEEDRL
386 ETAQRVKQTLQRYKELQDR---IIAILGLDELSEEDRL
386 EIAQRVKETLQRYKELOD---IIAILGLDELSEEDRL
368 DHKDLSNMLFAAYARAQDIRGLAAVIGEDSLSEVDRK
396 DMSDVSNQLYANYAIGKDVQAAKAVVGEEALSSEDLL
395 DHGDVSNQLYAKYAIGKDAAAMKAVVGEEALSIEDKL
389 DHGDVSNMLYAKYAIGRDAAAHKAVVGEEALSNEBKL
38B KLSGGIRTALAQYRELAA-- -FSQFASBLDDATRKOL
377 KVAGTLRLDLASYRELES---FAQFGSBLDQATQAKL
378 QVAGKLKLELARFAELEA--- FABFASDLBKATQNML
378 QVAGKLKLELARFAELEA--- FAQFASBLDKATRNML

FIG. 1. Alignments of amino acid sequences of EF-Tu(la)/EF-G(2) pairs (a) and of a and subunits of ATPase (b) from archaebacteria,
eubacteria, and eukaryotes. The amino acid sequences of the highly conserved regions (regions A-E in a and A-G in b) were aligned, where
unambiguous alignments are possible for both cases without introducing many gaps. The start position of each block was shown. * and 0, amino
acid positions that are occupied by identical and chemically similar amino acids for all the sequences compared, respectively; -, gap.

Abbreviations (and references) for sequence data are as follows: In a, Tu-MV, EF-Tu from Methanococcus vannielii; 1A-HU, lA-AS, lA-D1,
1A-D2, lA-SC, and 1A-MR, EF-la from human, Artemia salina, Drosophila melanogaster F1, D. melanogaster F2, Saccharomyces cerevisiae
A, and Mucor racemosus, respectively; Tu-EC, Tu-EG.CHL, Tu-SC.MT, and Tu-ML, EF-Tu from Escherichia coli, Euglena gracilis
chloroplast DNA, S. cerevisiae nuclear DNA-coded mitochondrial isozyme, and Micrococcus luteus, respectively; 2-MV, 2-HA, and 2-DI, EF-2
from M. vannielii (12), hamster, and Dictyostelium discoideum (22), respectively; G-EC and G-ML, EF-G from E. coli and Micrococcus luteus,
respectively. In b, SA-SU, Sulfolobus acidocaldarius a subunit ofATPase; V69-CA and V67-NC, vacuolar large subunits ofATPase from carrot
and Neurospora crassa, respectively; FB-EC, FB-BO.MT, FB-LI.CHL, FB-MA.CHL, FB-BA.CHL, FB-TO.CHL, and FB-SP.CHL, ,B
subunits of F1 ATPase from E. coli, bovine nuclear DNA-coded mitochondrial isozyme, liverwort chloroplast DNA, maize chloroplast DNA,
barley chloroplast DNA, tobacco chloroplast DNA, and spinach chloroplast DNA, respectively; SB-SU: S. acidocaldarius (8 subunit ofATPase
(17); V57-AT, V57-SC, and V57-NC, small subunits of vacuolar ATPase from Arabidopsis thaliana, S. cerevisiae (23), and N. crassa,

respectively; FA-EC, FA-BM, FA-LI.CHL, and FA-TO.CHL, a subunits of Fl-ATPase from E. coli, Bacillus megaterium (24), liverwort
chloroplast DNA, and tobacco chloroplast DNA, respectively. Sequence data not referenced were taken from the National Biomedical Research
Foundation data base (release 20.0) and GenBank data base (release 59.0); sequence data were checked with their original data. The single-letter
amino acid code is used.

a
TU- MV
1 A - H U
1A-AS
IA- D1
1A- D2
1A- SC
1A-MR
TU- EC

TU- EG. CHL
TU-SC.MT

TU-ML
2-MV
2- HA
2-DI
G-EC
G-ML

b
SA- SU

V69-CA
V67-NC
FB-EC

FB-BV.MT
F 8 - L I . C H L
FB-MA. CHL
FB- BA . CHL
Fe-TV. CHL
FB-SP.CHL

SB- SU
V57-AT
V57-SC
V57- NC
FA- EC
FA- BM

FA-Ll .CHL
FA- TO. CHL
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rE.coli
Euglena chl

Yeast mt
Micrococcus

EF-TU / 1 a Human
Brine shrimp

Drosophila Fl
Drosophila F2

MSt
Mucor
Melthanococcus
- Metanococcus

- Dictyostelium
Hamster
- Micrococcus
- E.coli

FIG. 2. Composite phylogenetic tree inferred from a simultaneous comparison of EF-Tu(la) and EF-G(2) from archaebacterium, eubacteria,
and eukaryotes. Based on the alignment of Fig. la, this tree was constructed. The deepest root was arbitrarily chosen at a point between the
two clusters corresponding to the different proteins. chl, Chloroplast DNA-coded gene product; mt, nuclear gene-coded mitochondrial isozyme.

RESULTS
Composite Phylogenetic Tree of EF-Tu and EF-G. The

amino acid sequences of EF-Tu and EF-G from an archae-
bacterium were aligned with those of eubacterial homologs
and eukaryotic homologs (EF-la and EF-2) for highly con-
served regions (regions A-E), covering a total of 120 amino
acids, where an unambiguous alignment is possible without
introducing many gaps (Fig. la). On the basis of the align-
ment, the distance matrix was calculated and the composite
phylogenetic tree of the EF-Tu(la)/EF-G(2) pair was in-
ferred by the neighbor-joining method. It is evident that
EF-Tu(la) and EF-G(2) diverged by gene duplication; they
have extensive sequence similarity and these genes are
present in close proximity to each other on archaebacterial
and eubacterial genomes (12, 25-27). It is reasonable to
assume that this gene duplication occurred before divergence
among the primary kingdoms, because the two genes exist in
all the urkingdoms. This is consistent with the inferred
composite tree, in which there exist two major clusters
corresponding to the respective two genes. Thus the deepest
root of the composite tree could unambiguously be placed at
a point between the two major clusters.

Fig. 2 shows the composite tree of the EF-Tu and EF-G
pair. This tree is composed of two universal trees for the
different proteins Methanococcus vannielii, an archaebacte-
rium, is more closely related to eukaryotes than to eubacteria
for both the proteins. This result indicates that close se-
quence similarities between M. vannieli and eukaryotes for
EF-Tu (11) and EF-G (12) represent their close evolutionary
relatedness.

F1-a

Because distantly related sequences were compared, only
limited amino acid positions are able to align. Thus it remains
possible that the inferred tree of Fig. 2 is an artifact that was
realized by chance. To disclose this, the bootstrap resam-
plings were carried out. The evolutionary relationship among
the primary kingdoms shown in Fig. 2 is statistically signif-
icant; the bootstrap probabilities of occurrence of the tree
topology that archaebacteria and eukaryotes share a cluster
with eubacteria as an outgroup are 0.96 for EF-Tu and 0.79
for EF-G. The probabilities of alternative tree topologies are
very small (see Fig. 4).
Composite Phylogenetic Tree of the a and .8 Subunits of

ATPase. A similar analysis was performed for a and (
subunits of ATPase, which apparently diverged by gene
duplication before separation of the primary kingdoms. Fig.
lb shows alignment of amino acid sequences of the a and ,B
subunits of ATPase from Sulfolobus, an archaebacterium,
with those of the a and P subunits of F1-ATPase from
eubacterial origins and their eukaryotic counterparts, the
large and small subunits of vacuolar ATPase. These proteins
are strongly conserved in sequence and the alignment of Fig.
lb covers almost the entire regions. Fig. 3 shows the com-
posite phylogenetic tree inferred from the alignment of Fig.
3. It is evident that, for both the subunits, Sulfolobus is shown
to be more closely related to eukaryotes than to eubacteria.
The bootstrap resamplings did not realize any alternative tree
topology (see Fig. 4).
The initiator and elongator methionine tRNAs probably

diverged by gene duplication before divergence of the three
primary kingdoms, because both RNAs exist in all the
primary kingdoms. A similar analysis reproduced essentially
the same tree topology as those of the above two cases (data

* - ~~~E.coli
Bovine mt

Liverwort chi
rMaize chi

. Barley chi
.Tobacco chi
Spinach chl

Carrot
V<_ N osNeurospora

Sulfolobus
Sulfolobus
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Arabidopsis
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...l1 Liverwort chl
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FIG. 3. Composite phylogenetic tree inferred from a simultaneous comparison of a and p subunits of F1-ATPase from eubacteria and their
archaebacterial and eukaryotic homologs. This tree was constructed based on the alignment of Fig. lb. The deepest root was arbitrarily chosen
at a point between the two clusters corresponding to the different proteins. chl, Chloroplast DNA-coded gene product; mt, nuclear gene-coded
mitochondrial isozyme.
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FIG. 4. Bootstrap probabilities of the three possible tree topol-
ogies among the three kingdoms. A, archaebacteria; EK, eukaryotes;
EB, eubacteria; 0, outgroups; tRNAs Met-E and Met-I, elongation
and initiation Met tRNAs, respectively.

not shown), although the tree topology is statistically not
significant in both the tRNAs, probably because of the
limited length of the sequences.
The above results were summarized in Fig. 4. From these

results we conclude that, according to the molecular phylog-
enies based on the two elongation factors and two subunits of
ATPase, archaebacteria are phylogenetically more closely
related to eukaryotes than to eubacteria. Interestingly, re-
latedness in phylogeny positively correlates with similarity in
sequence in the four proteins analyzed. Furthermore, in the
phylogenetic trees of Figs. 2 and 3, the average branch
lengths from the universal ancestor to the extant species
appear not to differ significantly between different urking-
doms, suggesting, on average, similar evolutionary rates for
different kingdoms.
The a and /3 subunits of ATPase show the reverse rela-

tionship between archaebacterium and eubacteria in the
composite tree of Fig. 3; i.e., the archaebacterial a and /8
subunits are clustered with the eubacterial /3 and a subunits,
respectively. The bootstrap resampling revealed that this tree
topology is highly likely with the bootstrap probability of0.74
(Fig. 5), suggesting that so-called Sulfolobus ATPase a
subunit (/3 subunit) is the archaebacterial homolog of the
eubacterial Fl-ATPase subunit (a subunit), from an evo-
lutionary viewpoint.

DISCUSSION
Simultaneous comparisons of EF-Tu and EF-G from archae-
bacteria, eubacteria, and eukaryotes and also of a and /8
subunits of ATPase from the three primary kingdoms have
shown that archaebacteria are phylogenetically more closely
related to eukaryotes than to eubacteria. In these proteins the
close similarity in sequence positively correlates with the
close relatedness in phylogeny. Also 5S rRNA, RNA poly-
merases, and several ribosomal proteins from archaebacteria
show sequence similarities to eukaryotes much more strongly
than to eubacteria. Therefore, the phylogenetic relationship
among the primary kingdoms presented here would be gen-
erally correct and would not be restricted only to the cases
specific for the four protein species.
Based on the strong sequence similarity of 5S RNA, Hori

and Osawa (7, 9, 10) proposed that archaebacteria (metabac-
teria) and eukaryotes are sister urkingdoms. Cavalier-Smith
(28) also proposed a similar hypothesis on the basis of the
similarities between them at the molecular and cellular levels.
These hypotheses are consistent with the phylogenetic tree
proposed here. According to the phylogenetic trees of Figs.

sul-a sul-a ' sul-a

i { V-67K V-67K jVV-67K
Fl-B3 Fl-a -sul-13

l-- , sul-B3 V-57K

V-57K V-57K Fl-a

Fl-a F1-B Fl-3
(0.74) (0.18) (0.08)

FIG. 5. Phylogenetic relationship of the a and (8 subunits of
Sulfolobus ATPase with the eubacterial and eukaryotic counterparts.
sul-a and sul-,/, a and8 subunits of Sulfolobus ATPase, respectively;
Fl-a and Fl-/3, a and P subunits of eubacterial Fl-ATPase, respec-
tively; V-67K and V-57K, 67-kDa and 57-kDa subunits of eukaryotic
vacuolar ATPase, respectively. The bootstrap probabilities (indicat-
ed in parentheses) correspond to the three tree topologies.

2 and 3, both M. vannielii, a methanobacterium, and Sul-
folobus acidocaldarius, a sulfobacterium, are more closely
related to eukaryotes than to eubacteria, which apparently
contradicts with the phylogenetic tree (eocyte tree) proposed
by Lake (4, 5); according to the eocyte tree, M. vannielii
should be more closely related to eubacteria rather than to
eukaryotes.
The phylogenetic relationship presented here should be

confirmed by composite trees of other protein sequences. A
pair of proteins, lactate dehydrogenase (LDH) and malate
dehydrogenase (MDH), may be one of them. These proteins
show a marked sequence similarity in the nucleotide binding
domain (29). It is highly likely that both genes diverged by
gene duplication prior to the divergence of the three primary
kingdoms. Fig. 6 shows the composite phylogenetic tree
inferred from a simultaneous comparison ofMDH and LDH
sequences. Unfortunately no archaebacterial sequence is
available at present.
The phylogenetic position of Thermus flavus, a eubacte-

rium, is surprising (Fig. 6). The MDH sequence of T. flavus
is much more similar to that of a eukaryote than those of
eubacteria (30) and it behaves like an archaebacterium on this
phylogenetic tree. There may be several interpretations for
this observation. (i) Horizontal gene transfer of the MDH
gene occurred from a eukaryote or archaebacterium to T.
flavus. (ii) T. flavus is an archaebacterium but not a eubac-
terium. (iii) Eubacteria are composed of a large number of
distinct groups and a group to which T. flavus belongs may
be more closely related to archaebacteria and eukaryotes
than to other eubacterial groups. If so, archaebacteria are
likely to have diverged from an ancestral eubacterium re-
sembling T.flavus. Determination ofthe amino acid sequence
of T. flavus LDH as well as those of archaebacterial MDH
and LDH will clarify this problem.
There are other proteins that are expected to have diverged

by gene duplication before the separation ofthe three primary
kingdoms. Initiation factor 2 (31) and LepA protein (the
signal peptidase I) (32) show sequence similarities to each
other as well as with elongation factors. Valyl-tRNA synthe-
tase and isoleucyl-tRNA synthetase also show an extensive
sequence similarity (33).

Finally, two examples that appear to contradict to our
conclusion will be discussed. The sequence similarity ofboth
the small and large rRNAs appears to be higher between
archaebacteria and eubacteria than between archaebacteria
and eukaryotes (1-3, 6). In the light of our evolutionary tree,
it is possible that mutational changes have accumulated more
rapidly in the eukaryotic rRNAs than in the archaebacterial
and eubacterial rRNAs shortly after the separation of archae-
bacteria and eukaryotes.
The strong sequence divergence of glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) from an archaebacte-

GENE TREE 1 TREE 2 TREE 3

A AEBE

_OfE EB EEBK

EF-Tu 0.96 0.03 0.01
EF-G 0.79 0.21 0

ATPase Fl-B 1.0 0 0
ATPase F1-a 1.0 0 0
tRNA Met-E 0.55 0.33 0.12
tRNA Met-I 0.50 0.41 0.09
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FIG. 6. Composite phylogenetic tree inferred from a simultaneous comparison of MDH and LDH. cyt and mt, nuclear gene-coded
cytoplasmic and mitochondrial isozymes, respectively. Sequence data were taken from the National Biomedical Research Foundation data base
(release 20.0) and GenBank data base (release 59.0). The sequence data used were checked with their original data.

rium Methanothermus fervidus may be a matter of much
debate. The similarity between the archaebacterial GAPDH
and eubacterial or eukaryotic counterpart is much less than
that between the latter two (34). A plausible explanation,
which reconciles with our phylogenetic tree, may be that a

gene duplication event occurred in GAPDH locus before the
separation of the three urkingdoms and one of the duplicates
functions only in archaebacteria and the remaining functions
in both eubacteria and eukaryotes.
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